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Abstract 
Turbulence is ever produced in low-viscosity/large-scale fluid flows by velocity shears and, in 
unstable stratification, by buoyancy forces. It is commonly believed that both mechanisms produce 
eddies breaking into smaller ones and making direct cascade of turbulent energy from large to 
small scales towards viscous dissipation. Conventional theory based on this vision yields plausible 
picture of vertical mixing and remains in use since middle of 20
th
 century in spite of increasing 
evidence of fallacy of its other predictions. This paper discloses that buoyancy produces plumes, 
merging into larger ones and making inverse cascade towards their newly revealed conversion into 
self-organized regular motions. Herein, shears produce usual eddies making direct cascade. This 
new paradigm is demonstrated and proved experimentally; so, the paper launches main revision of 
the theory of unstably stratified turbulence. 
 
The concept of turbulence (“turba aliena”) as chaotic motions of fluid elements (“atoms”) was 
known already to Roman philosopher Lucretius (‘De Rerum Natura’ [1]). He defined it as “aimless 
crowd of clashing elements, which can be seen in a dance of motes of dust whirling in a sunbeam”, 
and highlighted the arrow from order to chaos (“direct cascade” in modern terms) aiming at final 
death of the universe (thermal death in the second law of thermodynamics). Moreover Lucretius 
recognized the existence of an alternative “involuntary” arrow from chaos to order (“inverse 
cascade”). 
More than two thousand years passed until these findings have been rigorously expressed and 
quantified: direct cascade, in non-stratified 3-dimensional turbulence (Kolmogorov [2, 3, 4]); 
inverse cascades, in wave turbulence (Zakharov [5, 6]) and in 2-dimensional hydrodynamic and 
plasma turbulence (Kraichnan [7, 8]). 
The present paper reveals the yet overlooked inverse cascade in convective turbulence, 
namely, in the buoyancy-generated chaotic plumes, which merge to form larger plumes; while 
mechanical shear-generated eddies break down to produce smaller ones, thus making direct 
cascade. 
Modern vision of stratified turbulence is based on the conventional paradigm usually 
attributed to Kolmogorov [2, 3, 4] with no regard to the fact that his vision was factually limited to 
the non-stratified homogeneous turbulence. So, the paradigm, extended to stratified turbulence just 
as self-evident, without proof, comprises the following postulates: 
 Turbulence develops when the shear instability is strong enough to overtake resistance of 
molecular viscosity, so that the flow breaks down causing chaotic eddies [9] 
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 These eddies are unstable themselves and break down to generate smaller unstable eddies, 
thus causing direct cascade of turbulent kinetic energy (TKE) and other properties of 
turbulence towards smaller scales and eventual viscous dissipation [10] 
 Turbulence makes the downgradient transport of momentum, energy and matter along the 
mean gradients of the transported properties, so that turbulent fluxes are proportional to 
mean gradients [11] 
 Direct cascade feeds all three components of TKE making them proportional to each other 
and the more isotropic the smaller scales; and assures the balance between generation of 
TKE by velocity shears and its viscous dissipation [2] 
Obukhov [12] was the first to formulate the energetics and closure theory of unstably-stratified 
turbulence based on the above paradigm. Since then, the theory remains conceptually unchanged up 
to now and has no alternative  For meteorological and oceanographic applications this is not too 
surprising: conventional theories yield plausible picture of vertical convective mixing, while in 
many applications nothing else is needed (e.g. [13], [14]).  At the same time, more and more 
failures of the conventional theory are revealed
†
 [15, 16, 17, 18, 19]. Following Thomas Kuhn [20] 
such state of affairs is defined as “crises of paradigm”. 
This paper reveals that the deadlock roots in the fallacy of the conventional paradigm: The 
latter was extended to the unstably-stratified turbulence automatically and, thus, unreasonably 
identified buoyant plumes and mechanical eddies. This assumption was neither proved nor even 
recognized as a hypothesis. Instead, the proposed new paradigm, first, declares that plumes, in 
contrast to eddies, merge to form lager ones, thus making inverse cascade and, second, admits 
possibility of countergradient or non-gradient turbulent transports prohibited in the conventional 
paradigm. Herewith, the original Kolmogorov paradigm remains in force, as pertinent to the 
neutrally-stratified turbulence. 
Success and failure of the conventional theory – The conventional and new paradigms of 
unstably-stratified turbulence are verified below by the example of plain-parallel sheared flow in 
atmospheric surface layer. Here, conventional theory holds true only in trivial case of very strong 
shares, when mechanical eddies destroy plumes and, thus, violently involve them into direct 
cascade. In atmospheric and hydrospheric convective layers this is true only in very shallow near-
surface sublayers, comprising ca 1% of the layer (see figures 1-2 below). Beyond them, plumes 
make inverse cascade culminating at the largest scales in conversion of convective TKE into kinetic 
energy of self-organized flow patterns (cells or rolls in convective boundary layers). Therewith, 
mechanical turbulence, generated by mean-flow shears, makes the direct cascade culminating in 
dissipation of mechanical TKE at the smallest eddies. This implies that in pronounced unstable 
stratification, horizontal TKE is fully mechanical, while vertical TKE is almost fully convective. 
This heretical conclusion is fully confirmed in figure 2 below.  
The surface layer, defined as the near-surface 10% of the boundary layer, provides most 
convenient framework for investigations of stratified turbulence: Vertical turbulent fluxes of the 
momentum per unit mass, 𝜏 < 0, and potential temperature, 𝐹𝜃 > 0, are practically independent of 
height, 𝑧. Turbulence is fully governed by these fluxes and the buoyancy parameter, 𝛽 = 𝑔/𝑇, 
where 𝑔 is acceleration of gravity and 𝑇 is reference value of absolute temperature. These 
parameters yield single length scale, 𝐿 = |𝜏|3/2(𝛽𝐹𝜃)
−1 (“Obukhov scale”). So, dimensionless 
characteristics of turbulence are expressed via universal functions of 𝑧/𝐿 [12], making the surface 
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layer an ideal natural laboratory for verification and comparison of alternative theories of 
turbulence. 
The energetics of both stably and unstably stratified turbulence is conventionally defined by 
single quantifying the budget of TKE, 𝐸𝐾, strictly following Kolmogorov [4] vision of neutrally-
stratified turbulence but accounting for the rate of generation of TKE by buoyancy forces, 𝛽𝐹𝜃. In 
the steady-state thermally-stratified surface layer, this equation reads [12, 21]: 
−𝜏
𝜕𝑈
𝜕𝑧
+ 𝛽𝐹𝜃 ≡
𝜏2
𝐾𝑀
+ 𝛽𝐹𝜃 = 𝜀𝐾↓ +
𝜕𝐹𝐸𝐾
𝜕𝑧
.    (1) 
Here 𝑈 is mean-flow velocity, and 𝐾𝑀 ≡ −𝜏/(𝜕𝑈/𝜕𝑧) is coefficient of vertical turbulent transport 
for momentum (“eddy viscosity”); the left-hand side is the sum of generation rates of TKE by 
velocity shears and buoyancy forces, respectively; and the right-hand side is the sum of the TKE 
dissipation rate, 𝜀𝐾↓, and vertical divergence of its vertical turbulent flux, 𝐹𝐸𝐾 = 〈𝐸𝐾
′ 𝑤′〉 +
1
𝜌0
〈𝑝′𝑤′〉, 
where 𝐸𝐾
′  is fluctuation of TKE, 𝑤′ and 𝑝′ are fluctuations of vertical velocity and pressure, 𝜌0 is 
reference value of air density, and angle brackets designate statistical averaging. 
Kolmogorov [4] was the first to quantify the energetics of neutrally-stratified turbulence 
(where 𝛽𝐹𝜃 = 0 and 𝜕𝐹𝐸𝐾/𝜕𝑧 = 0). He (a) introduced the time scale: 𝑡𝑇 = 𝐸𝐾/𝜀𝐾↓ (just linking 
unknown 𝑡𝑇 with unknown 𝜀𝐾↓), and the length scale, 𝑙𝑇 = 𝐸𝐾
1/2
𝑡𝑇; (b) presumed that all 
components of TKE have the same origin and, hence, are proportional to each other; and (c) made 
use of the fact that (in neutrally-stratified boundary-layer flows) 𝑙𝑇 is limited only by distance from 
solid surface, so that 𝑙𝑇~𝑧 and 𝑡𝑇~𝑧𝐸𝐾
−1/2
. Then, he (d) defined the coefficient of vertical turbulent 
transport for any property, 𝐾𝑃𝑅𝑂𝑃, as proportional to the product of turbulent length scale, 𝑙𝑇~𝑧, by 
square root of vertical TKE, 𝐸𝐾𝑉
1/2
; and (e) by virtue of the declared similarity of all components of 
TKE, prescribed 𝐸𝐾𝑉~𝐸𝐾. This yielded the following true results: 
𝜀𝐾↓ = 𝐸𝐾
3/2
/(𝐶𝐷𝑧), 𝐾𝑃𝑅𝑂𝑃~𝐾𝑀 = 𝐶𝐾𝐸𝐾𝑉
1/2
𝑧, 𝐸𝐾𝑉~𝐸𝐾𝐻~𝐸𝐾, 𝐹𝐸𝐾~ − 𝐸𝐾𝑉
1/2
𝑧
𝜕𝐸𝐾
𝜕𝑧
,  (2) 
where 𝐶𝐷 ≈ 4 and 𝐶𝐾 ≈ 0.4 are dimensionless constants defined empirically [21, 22], and 𝐸𝐾𝐻 is 
horizontal TKE. 
The above conventional vision of TKE budget yields the following plausible formulation of 
vertical TKE and coefficients of vertical turbulent transport over the range of stratifications form 
neutral or almost neutral (𝑧 < 𝐿) to essentially unstable (𝑧 > 𝐿): 
𝐸𝐾𝑉
|𝜏|
= 𝐶 and 
𝐾𝑀
|𝜏|1/2𝑧
= 𝑘 at 𝑧 < 𝐿,   
𝐸𝐾𝑉
(𝛽𝐹𝜃𝑧)
2/3 = 𝐶𝑉, 
𝐾𝑀
𝑧(𝛽𝐹𝜃𝑧)
1/3 = 𝐶𝑉
1/2𝐶𝐾 at 𝑧 > 𝐿,  (3) 
where 𝐶 ≈ 1, 𝑘 ≈ 0.4, 𝐶𝑉 ≈ 1 and 𝐶𝐾 ≈ 0.4 are well-established empirical dimensionless constants 
(e.g. [21, 22, 23, 24]).  
However, besides the above realistic results, equations (1)-(2) as applied to unstable stratification 
yield the following erroneous formulations of the vertical flux of TKE, 𝐹𝐸𝐾, horizontal TKE, 𝐸𝐾𝐻, 
and dissipation rate of TKE, 𝜀𝐾↓: 
𝐹𝐸𝐾~ − 𝐸𝐾𝑉
1/2
𝑧
𝜕𝐸𝐾
𝜕𝑧
~ − 𝛽𝐹𝜃𝑧 < 0,  𝐸𝐾𝐻~𝐸𝐾𝑉~(𝛽𝐹𝜃𝑧)
2/3,  𝜀𝐾↓ = −𝜏
𝜕𝑈
𝜕𝑧
+ 𝛽𝐹𝜃.  (4) 
The first of these equations follows from the postulate of the only downgradient transport; second, 
from the unspoken hypothesis of similarity of buoyant plumes to shear-generated eddies; and third, 
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from the postulate that both shear- and buoyancy-generated turbulence make direct cascade of TKE 
and are subjected to viscous dissipation into heat at the smallest scales. 
Novel theory – The proposed new paradigm distinguishes convective turbulence comprised of 
vertical buoyant plumes that merge to produce larger plums, thus making inverse cascade, from 
mechanical turbulence comprised of shear-generated three-dimensional eddies that break down to 
produce smaller eddies, thus making direct cascade. So, total TKE splits into convective, 𝐸𝐾𝐶, 
comprised of the only vertical component, and mechanical, 𝐸𝐾𝑀 = 𝐸𝐾𝑀𝑉 + 𝐸𝐾𝑀𝐻, comprised of 
mechanical part of the vertical component, 𝐸𝐾𝑀𝑉, and the fully mechanical horizontal component, 
𝐸𝐾𝑀𝐻. Hence, the TKE budget equation (1) also splits into separate equations: 
𝛽𝐹𝜃 =
𝜕𝐹𝐸𝐾𝐶
𝜕𝑧
≡ 𝜀𝐾↑,  𝜏
𝜕𝑈
𝜕𝑧
=
𝜏2
𝐾𝑀
= −𝜀𝐾↓,     (5) 
where 𝐹𝐸𝐾𝐶 = 〈𝐸𝐾𝐶
′ 𝑤′〉 + 𝜌0
−1〈𝑝′𝑤′〉 is vertical flux of convective TKE. Herewith, vertical flux of 
mechanical TKE is almost negligible (see figure 1), so that 𝐹𝐸𝐾𝐶  practically coincides with the 
vertical flux of total TKE, 𝐹𝐸𝐾. 
According to first equation (5), the rate of production of convective TKE, 𝛽𝐹𝜃, is balanced by 
the term 𝜕𝐹𝐸𝐾𝐶/𝜕𝑧, which, therefore, must signify a rate of its consumption. The only reasonable 
candidate on this role is the rate of yet overlooked conversion of convective TKE into kinetic energy 
of large-scale self-organized convective flow patterns [25, 26, 27]. If so, the term 𝐹𝐸𝐾𝐶 ≈ 𝐹𝐸𝐾, 
traditionally interpreted as the downgradient vertical flux transporting TKE downward, is at once 
countergradient (oriented upwards) flux in physical space and inverse flux (from smaller to larger 
scales) over spectrum towards conversion of TKE into kinetic energy of self-organised flow 
patterns. Experimental data in figure 1 confirm this conclusion. 
The rate of viscous dissipation, 𝜀𝐾↓, of mechanical component of TKE and the rate of 
conversion, 𝜀𝐾↑, of convective component of TKE both quantify consumptions, with the only 
difference that dissipation consumes the smallest eddies while conversion, the largest plumes. Then, 
reshaping the aforesaid Kolmogorov derivation of dissipation rate [first equations (2)] as applied to 
both, dissipation of mechanical TKE and conversion of convective TKE, these two are on equal 
terms defined as the ratios of appropriate energies, 𝐸𝐾𝑀 or 𝐸𝐾𝐶, by the common turbulent time 
scale, 𝑡𝑇~𝑧/𝐸𝐾
1/2
≈ 𝑧/𝐸𝐾𝐶
1/2
. This yields constructive formulations: 
𝜀𝐾↑ =
𝐸𝐾𝐶
3/2
𝐶↑𝑧
,  𝜀𝐾↓ =
𝐸𝐾𝑀𝐸𝐾𝐶
1/2
𝐶↓𝑧
,      (6) 
where 𝐶↑ and 𝐶↓ are dimensionless constants to be determined empirically. Notably, the 
proportionality 𝑙𝑇~𝑧 (underlying the Kolmogorov concept of dissipation) is equally relevant to 
unstable stratification as the latter does not impose additional limitations on the vertical turbulent 
length scale. 
Now it has become clear why the erroneous conventional theory yielded plausible formulation 
of vertical TKE and coefficients of vertical turbulent transport. Because the share of mechanical 
turbulence in total TKE is small (𝑧 < 𝐿), conventional vision of total TKE budget [equations (1)-
(2)] as total production balanced by the viscous dissipation is mathematically analogous to novel 
vision of convective TKE budget [first of equations (5) and (6)] as convective production balanced 
by the conversion into kinetic energy of self-organized flow patterns. So, in spite of dramatic 
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difference between the conventional and new paradigms, both yield the same vertical TKE and 
coefficients of vertical turbulent exchange
‡
 defined by equations (3). 
Herewith, novel theory truly defines all other characteristics of turbulence: vertical flux of 
vertical TKE, 𝐹𝐸𝐾𝑉, oriented upward, counter the gradient; horizontal TKE, 𝐸𝐾𝐻, fully mechanical 
and decreasing with the increasing 𝑧/𝐿, contrary to the dominantly convective vertical TKE, 𝐸𝐾𝑉, 
increasing with 𝑧/𝐿; and the rate of viscous dissipation of TKE, 𝜀𝐾↓, balancing only the rate of its 
generation by mean velocity shear: 
𝐹𝐸𝐾𝐶
|𝜏|3/2
≈
𝐹𝐸𝐾𝑉
|𝜏|3/2
≈
𝐹𝐸𝐾
|𝜏|3/2
 =
𝐶𝑉
3/2
𝐶↑
𝑧
𝐿
> 0,  
𝐸𝐾𝐻
|𝜏|
= 𝐶𝐻 (
𝑧
𝐿
)
2/3
,  
𝜀𝐾↓𝑧
|𝜏|3/2
=
1
𝐶𝑉
1/3𝐶𝐾
(
𝑧
𝐿
)
−1/3
.  (7) 
Here dimensionless constants 𝐶𝑉 ≈ 1 and 𝐶𝐾 ≈ 0.4 are already known from empirical validation of 
the second and third equations (3), common for the conventional and novel theories, whereas new 
constants 𝐶↑ = 𝐶𝑉
3/2
≈ 1 and 𝐶𝐻 ≈ 8.4 are defined from data shown in figures 1 and 2. 
Empirical validation – Fully unorthodox equations (7) are verified against empirical data in 
figures 1-3. Figure 1 confirms countergradient vertical transport of TKE and yields the constant 
𝐶↑ ≈ 𝐶𝑉
3/2
≈ 1. Vertical fluxes of total and vertical TKE were calculated directly from the measured 
velocity fluctuations, whereas pressure-velocity correlations happened to be negligibly small. The 
solid line in left panel (a) demonstrates practically perfect balance between the rate of generation of 
convective TKE, 𝛽𝐹𝜃, and its consumption rate, 𝜀𝐾↑ = 𝜕𝐹𝐸𝐾/𝜕𝑧 ≈ 𝜕𝐹𝐸𝐾𝑉/𝜕𝑧, thus proving the 
separate budget of convective TKE, equation (5a). Right panel (b) demonstrates that vertical fluxes 
of total and vertical TKE, 𝐹𝐸𝐾𝑉 ≈ 𝐹𝐸𝐾, practically coincide at large enough 𝑧/𝐿, which means that 
mechanical turbulence does not contribute to the vertical flux of TKE. 
 
 
Figure 1. Countergradient nature of vertical turbulent fluxes of vertical and total TKE, 𝐹𝐸𝐾𝑉  and 𝐹𝐸𝐾. Panels (a) and (b) 
show 𝐹𝐸𝐾𝑉/|𝜏|
3/2 and 𝐹𝐸𝐾/|𝜏|
3/2 versus dimensionless height 𝑧/𝐿. Solid lines, plotted after first equation (7) with 
empirical constant 𝐶↑ = 𝐶𝑉
3/2
= 1, coincide with medians of data points showing 𝐹𝐸𝐾𝑉/|𝜏|
3/2 and 𝐹𝐸𝐾/|𝜏|
3/2 vs 𝑧/𝐿 at 
𝑧/𝐿 > 1, in accordance with new theory. These coordinates are especially convenient as 𝜏 and 𝐿 are constant with 
height, while 𝑧/𝐿 quantifies the effect of stratification on turbulence. Panel (a) yields 𝐹𝐸𝐾𝑉 = 𝛽𝐹𝜃𝑧, which confirms the 
separate budget of convective TKE, quantified by the first equation (5). Close similarity between the two panels reveals 
negligibility of contribution of mechanical turbulence to the fluxes under consideration. In the sublayer, 𝑧/𝐿 < 1, the 
ratio 𝐹𝐸𝐾𝑉/|𝜏|
3/2 is constant with height in accordance with classical Kolmogorov theory. Here and in further figures, 
dotted parts of the colored lines show extension of novel theory beyond the area of its validity: to the sublayer 𝑧/𝐿 < 1 
(marked grey). Dotted parts of black lines show extension of the conventional theory beyond this sublayer. Small dots 
show the data immediately retrieved form observations; heavy dots show the ensemble means. 
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Figure 2 confirms the unorthodox opposing behaviours of horizontal and vertical TKE, 𝐸𝐾𝐻/|𝜏| =
𝐶𝐻(𝑧/𝐿)
−2/3 in contrast to 𝐸𝐾𝑉/|𝜏| = 𝐶𝑉(𝑧/𝐿)
2/3, and yields certain empirical estimate of the 
constant 𝐶𝐻 = 8.4. This disproves common belief that all component of TKE are proportional to 
each other. 
 
 
Figure 2. Empirical validation of the concept of fully mechanical horizontal TKE, 𝐸𝐾𝐻, as distinct from the dominantly 
convective vertical TKE, 𝐸𝐾𝑉. Left panel (a) shows reciprocal of horizontal TKE, |𝜏|/𝐸𝐾𝐻 , while right panel (b) shows 
vertical TKE as such, 𝐸𝐾𝑉/|𝜏|, both as dependent on (𝑧/𝐿)
2/3. Experimental data in panel (a) confirm the line plotted 
after second equation (7), and yield the empirical constant 𝐶𝐻 = 8.4. The conventional definition of 𝐸𝐾𝐻 by second 
equation (4) has nothing in common with experimental data. Right panel (b) confirms the definition of 𝐸𝐾𝑉 by second 
equation (3), common for both novel and conventional theories with conventional value of the empirical constant 
𝐶𝑉 = 1 
 
Figure 3 shows empirical validation of the novel vision of TKE dissipation rate, 𝜀𝐾↓, defined 
after the second equation (5) or, equivalently, after the third equation (7). The theoretical solid blue 
curve agree with experimental data over entire area 𝑧 > 𝐿. This result is especially convincing as 
the curve is plotted using conventional values of the constants 𝐶𝑉 ≈ 1 and 𝐶𝐾 ≈ 0.4 obtained from 
independent empirical validation of the third and fourth equations (3). The extension of novel 
theory beyond the area of its validity (to the sub-layer 𝑧 < 𝐿) is shown by dotted blue line. The 
conventional theory, assuming that all TKE is subjected to viscous dissipation, is shown by solid 
black line in the near-surface sublayer (where it holds true) and by dotted black line beyond this 
sublayer in essentially unstable stratification (where it is erroneous)., Conventional theory 
overestimates 𝜀𝐾↓ up to an order of magnitude. As seen from the figure, the lion share of TKE in 
pronounced unstable stratification is not subjected to dissipation. 
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Figure 3. Novel and conventional visions of the TKE dissipation rate, 𝜀𝐾↓, in unstably-stratified turbulence. The third 
equation (7), defining 𝜀𝐾↓ as relevant to only mechanical turbulence, is shown at 𝑧 > 𝐿 by solid blue line, and at 𝑧 < 𝐿 
(beyond the area of validity) by dotted blue line. The conventional theory, assuming that both shear- and buoyancy-
generated TKT are subjected to viscous dissipation, is shown at 𝑧 < 𝐿 by solid black line and at 𝑧 > 𝐿 (beyond the area 
of validity) by dotted black line. Blue dots show empirical values of 𝜀𝐾↓ retrieved from the measured spectra of TKE. 
 
Conclusions – The major result is new paradigm of unstably stratified turbulence, its 
empirical validation, and demonstration of fallacy of the conventional paradigm. The new one 
admits principally different nature of the two types of turbulence: buoyancy-generated plumes and 
shear-generated eddies. In contrast to eddies, breaking down into smaller ones and chaotically 
spreading in three dimensions, plumes perform buoyancy-oriented (vertical) motions and do not 
break down but merge into larger plumes. This entails coexistence of principally different types of 
chaotic motions: 
 Mechanical turbulence, making direct cascade towards smaller scales and viscous 
dissipation of TKE into heat 
 Convective turbulence, making inverse cascade towards larger scales and conversion into 
large-scale self-organized flow patterns 
The inverse cascade inherent in convective turbulence entails the yet overlooked countergradient 
transports, in particular, of kinetic energy feeding the above flow patterns. So, the new paradigm 
admits two opposite arrows: 
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 “Chaos out of order” (underlying the concept of thermal death in the second law of 
thermodynamics) discovered by Richardson [10] as inherent to neutrally-stratified shear-
generated turbulence and utilized in the Kolmogorov paradigm 
 “Order out of chaos”, similar to the Nietzsche “creative chaos” discovered by Prigogine as 
inherent to self-organization in life systems [28], and now utilized in new paradigm of 
unstably-stratified turbulence 
The new paradigm launches comprehensive revision of the theory of unstably stratified turbulence, 
playing key role in numerous geophysical and astrophysical phenomena. 
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Methods – Experimental data used in the above analyses and figures are obtained from 
meteorological observations at the North-East Siberian station Tiksi [29] in the conditions of long-
lived convective boundary layer typical of arctic summer. Here, permanent warming of the layer 
from below is balanced through permanent delivery of colder air by atmospheric general 
circulation, which assures quasi-stationary regime of turbulence and, thus, accurate estimation of 
turbulent energies and fluxes unachievable in the short-lived non-stationary convective layers 
typical of mid latitudes. Empirical data on 𝜀𝐾↓ shown in Figure 4 are retrieved via the Kolmogorov 
–5/3 power law from the measured spectra of TKE, namely, from their high-frequency inertial 
intervals corresponding to the direct cascades of mechanical TKE towards its viscous dissipation
§
 
(for details of the method see [30]). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
*
 The corresponding author: Sergej S. Zilitinkevich (sergej.zilitinkevich@fmi.fi). 
†
 The conventional paradigm and theories of turbulence are irrelevant also to supercritically stable stratification. Here, 
conventional approach predicts inevitable degeneration of turbulence, which is factually relevant only to low-Reynolds-
number flows [31, 32]. 
‡
 In the new framework, second equation (2) defining coefficients of vertical turbulent exchange is derived rigorously 
from the budget of vertical turbulent flux of momentum separated into the pair of budgets of its convective and 
mechanical components, similarly to separation of convective and mechanical TKE budgets into the pair of equations 
(5). The authors leave this derivation for separate paper. 
§
 Spectra of TKE in unstably stratified turbulence also contain the low-frequency inertial intervals (e.g. [33]). The new 
theory explains them as indicative of inverse cascades of convective TKE towards its conversion into kinetic energy of 
self-organised motions. 
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